INTRODUCTION
Randomized clinical trials are the gold standard for shaping clinical practice by providing definitive evaluation of treatment efficacy. In oncology, overall survival (OS) is the most objective end point to measure patient benefit. In some settings, however, progression-free survival (PFS) is preferable. For example, effective salvage therapy may reduce the effect of experimental therapy on OS. In these situations, PFS is often used to assess a treatment's inherent efficacy in advanced disease. PFS may also represent clinical benefit on its own. 1 Several potential sources of bias must be addressed when PFS is the primary end point. Whereas OS can be assessed objectively and the timing of the event is known, progression assessment has an inherently subjective component and is not assessed continuously. Evaluation-time bias, 2 which results from systematic differences in evaluation times according to treatment arm, is not considered here. Another source of bias is attrition bias, in which patient dropout varies by treatment arm. Although attrition bias can be problematic even with OS, it may be more problematic with PFS since, once lost, a patient's progression time is difficult to determine, while time of death can usually be recovered.
In this article we focus on a third source of bias-bias that may be introduced by the potentially subjective components of imaging end point assessment. While important efforts both to minimize subjectivity and to improve consistency of radiologic end point assessment have been made, 3,4 end point evaluation still depends to some extent on the individual reviewing the image and the time-point at which s/he reviews it. The potential for subjective elements to affect end point assessment differentially across treatment arms leads to concerns about biased evaluation, particularly in unblinded trials. 5 Blinded independent central review (BICR) is one strategy proposed to reduce the potential for this bias.
After discussing the rationale for independent end point assessment, we review different ways to incorporate BICR, describing its limitations and benefits. We argue that, while blinding is a generally desirable means of reducing potential bias, BICR may itself introduce bias into treatment efficacy estimation. The pros and cons of including a BICR for any specific trial will need careful consideration during trial development.
MOTIVATION FOR INDEPENDENT END POINT EVALUATION
A BICR might be used to reduce potential systematic imaging reader bias as well as to decrease measurement variability.
Reducing Bias
The conjecture of imaging reader bias assumes that the reader systematically either over-or underinterprets tumor shrinkage. For example, differences in response rates determined by investigator and independent assessments have been documented in many studies, with the latter frequently reporting lower response rates, especially in single-arm phase II studies.
6,7 Such differences may be part of the rationale for recommendations of independent evaluations by the US Food and Drug Administration.
8 However, the extent to which these differences result in systematically biased comparisons is not obvious because discordant evaluations do not necessarily imply that estimates of treatment effect are biased.
In the present application, imaging reader bias assumes that the reader's interpretation can be influenced by his/her knowledge of treatment assignment in a way that results in an incorrect assessment of the therapy's effect on PFS. One potential situation in which this could occur is a setting in which an experimental therapy is tested against a control treatment with cross-over to the experimental therapy at the time of progression. It is conceivable that, in some borderline cases in unblinded trials, clinicians may tend to call a patient's disease progression on the control arm earlier than if that patient had been on the experimental arm. In other words, treatment knowledge may predispose the clinician to keep a patient on the experimental treatment as long as possible and to alter therapy for a patient on the control arm at the first suggestion of progression.
As a practical note, with certain cytostatic agents, investigators may wish to administer the agent beyond radiographic progression under the belief that continued administration will result in maximum benefit. This gives incentive for investigators to declare progression later if the protocol requires treatment cessation at progression. Explicit protocol language allowing continued treatment after progression may minimize this source of bias.
When feasible, any potential for knowledge of treatment assignment to influence outcome assessment should be eliminated. In a double-blind trial, the potential for biased end point evaluation is minimized. In nonblinded trials, BICR is one means of ensuring this because assessments are made without knowledge of treatment assignment or patient toxicities. While the rationale for implementing BICRs in trials is clear, there are several limitations, which will be discussed in the next section. First, we discuss measurement variability.
Reducing Measurement Variability
Another purpose of BICR is to reduce measurement variability (measurement error; ie, random discrepancies unrelated to treatment assignment). Even with blinded assessments of images, two readers may disagree on progression status, especially with borderline or complex cases. Further, discrepancies may result from tracking different target lesions or from missing development of a new lesion that is small at its first appearance. Discrepancies alone do not indicate systematic bias in the evaluation of the treatment effect.
Measurement variability makes treatments appear more similar than they really are, and therefore leads to reduced power to detect true treatment effects. Central review by a small number of reviewers with expertise in a specific area may lessen measurement variability. However, even with measurement variability, tests of the null hypothesis (that the treatments are equally effective) will still be valid-type I error will not be inflated. For example, in a recently presented phase III trial 9 that implemented a BICR, the random discrepancy rate between two central reviewers blinded to treatment assignment was 34.7%. 10, 11 Since the two central reviewers were blinded to treatment assignment, these discrepancies reflect measurement variability and not biased end point evaluation. Protection against a type I error will be preserved here but treatments will appear less effective than in reality.
An important consideration in minimizing measurement variability is to ensure that a single reader evaluates the full set of exams for any given patient.
12 Further, observers should encounter images in sequence, as reader consistency may be improved when the observer is presented with images in a time-ordered manner. An additional issue is the selection of target lesions. Tracking the same target lesions will reduce the discrepancy rate but not necessarily measurement variability as the central review may identify more relevant target lesions. We note that if the goal of a BICR is to assess local evaluation bias, tracking the same lesions is advocated.
INCORPORATING INDEPENDENT REVIEW INTO TRIAL DESIGN
The results of an independent review can be used in the primary analysis or sensitivity analyses. In either case, there are various options for incorporating it into the trial design.
Option 1. BICR in Real Time
From a trial design perspective, an ideal evaluation of PFS (if a double-blinded trial is infeasible) would be BICR contemporaneous with the treating physician's decision making. Central to this option is that the central review evaluation is the basis for any decision to continue or alter treatment. Although this approach is ideal from a treatment evaluation perspective (as will be clear shortly), it has practical, ethical, and legal hurdles that may prohibit its implementation. First, all sites must have the ability to transfer images to the central review without delay. This requires special technologies and additional effort by the local site, although broad availability of network technology has made this hurdle less problematic. A potentially greater barrier is that the local site must cede the final determination of a patient's status to the central review. The treating physician may resist granting such authority, and legal issues must be considered.
Option 2. Retrospective BICR
Images are reviewed retrospectively by an expert independent reader(s) blinded to treatment assignment. An adjudication process to resolve discrepancies may be considered in some cases. Adjudicator knowledge of the unblinded (local) radiologist's evaluation has the potential to introduce bias into centralized review; however, it may reduce measurement variation. This option could also be implemented only when local end point evaluations indicate a positive trial. This restricts much of the cost of central review to only those trials where central review is most likely to have an impact. In such cases, prospective collection of scans is recommended. This option is not without complications. Perhaps the greatest problem occurs when the locally determined progression time occurs before the BICR-determined time. This discrepancy presents complexities for analysis that may bias results. In particular, once a patient has progressed according to the local site, s/he will be off protocol and further imaging is unlikely. Treatment could also change. As a result, determination of the BICR progression time may be impossible. The US Food and Drug Administration has suggested censoring such cases 8 ; however, this is problematic. This type of censoring will be informative-patients who progress according to local review (but not according to central review) will be more likely to progress by the next scheduled scan than patients who have not been determined to progress by local review. This is discussed further in the next section.
Option 3. Extra Scans After Local Progression
For all cases (or just cases that are near the boundary of progression), another possibility is to perform at least one additional scan after local progression is called. The presumption is that more reliable documentation of radiologic progression from a central review is likely with an extra scan. This should be required per protocol if this approach is going to be taken, but even then may be difficult to implement.
Option 4. Central Review-Directed Follow-Up
A policy that allows real-time central review to direct follow-up (but that does not guide treatment changes) would alleviate some of the problems of informative censoring discussed under option 2. Specifically, any patient for whom the central review was not confirmed centrally would continue to be followed until progression was documented. Although any change in therapy as a result of the locally determined progression time may confound evaluation of the true treatment effect, the effect of informative censoring is reduced. This approach requires the ability to perform real-time central review, which may not be possible. We reviewed the literature and searched PubMed for studies in breast cancer, colorectal cancer, lung cancer, and renal cell carcinoma. Search terms included "progression-free survival" or "time to progression," with filters of "randomized controlled trial" and "published in last five years". This revealed 209 manuscripts, of which only six reported having a central review of progression. The bevacizumab plus paclitaxel trial in breast cancer was included separately because it generated much discussion during a US Food and Drug Administration Oncologic Drug Advisory Committee meeting on December 5, 2007. All of these trials implemented a retrospective blinded independent central review (option 2). The panitumimab trial 11 allowed cross-over at the time of locally determined progression among patients receiving the control treatment. As a result, patients for whom progression was not confirmed centrally continued to be evaluated centrally for progression.
Abbreviations: PFS, progression-free survival; HR, hazard ratio; NR, not reported. ‫ء‬ Computed as agreement in date of progression or censoring. †Double-blinded trial. ‡Seventy-nine of the 105 discrepancies were investigator-determined progressions unconfirmed by central review. The investigators state that the investigator progressions were "most commonly" called by physical exam. The remaining 26 progressions were called by the independent review before the locally determined time.
§Estimated among the 649 (of 722) patients for whom images were available for central review. An agreement was counted if dates were within 6 weeks of one another. This is in contrast to the lapatinib plus capecitabine and bevacizumab plus capecitabine trials, in which exact date was used for agreement. A discrepancy was counted if either status assignment differed or if no image was available for central review. As a result, 368 patients in the bevacizumab plus paclitaxel arm and 354 patients in the pacliltaxel arm were included a total 722 (and not 649) patients were included. ¶ S. Bhattacharya, personal communication, September 2008.
Option 5. Blinded Local Review
Blinding the local radiologist to treatment assignment and using her/his report exclusively for progression determination would eliminate the potential for biased end point evaluation. A potential for bias arises when the clinical investigator, with knowledge of treatment assignment, uses radiologic evaluations, but makes the definitive determination of progression. In such cases, one would use the radiologist's assessment for the analysis. Informative censoring is a potential problem here if the patient is not followed after the investigator calls a progression when the radiologist did not. Again, option 3 could mitigate this problem.
PHASE III TRIALS THAT HAVE USED BICR IN THE LITERATURE
We reviewed the literature for studies in breast, colorectal, lung, and renal cell cancer (Table 1) . We found that option 2, retrospective BICR, has been implemented in several trials. In all trials, differences between the local and central review did not produce different conclusions about treatment efficacy, in spite of relatively high discrepancy rates.
Informative Censoring and Central Review
Standard analyses assume that the progression course of censored individuals is the same as those remaining under observation; if not, censoring is informative and will bias results. Under option 2, we noted that central review would lead to informative censoring when a local progression cannot be confirmed centrally. In general, this type of informative censoring will make the survival course of those on a particular treatment appear more favorable than in truth. If censoring occurs similarly across treatment arms, hypothesis testing should be valid (ie, type I error is preserved). However, if informative censoring occurs more frequently in one arm, bias will result. It is reasonable to speculate that, in some studies, more informative censoring will occur in the control arm. In such cases, the biased and more optimistic survival curve of the control arm will attenuate estimates of the effectiveness of the experimental therapy.
To examine the potential for informative censoring in an actual trial, we utilize data from a double-blind randomized phase II trial of bevacizumab in renal cell carcinoma. 13 This trial is somewhat unique because patients continued to be followed after local (or, in this case, investigator-assessed) progression calls. Onehundred sixteen patients were randomized to high-or low-dose bevacizumab or placebo. The primary end point was time to progression, which was confirmed according to a BICR. Because patients were followed after investigator-assessed progression was determined, there is a subset of patients for whom centrally reviewed time of progression was allocated to a time point later than that of the local reviewer (n ϭ 116). Data sets with follow-up after local progression are rare in the literature because most trials with central review do not continue to monitor patients after local progression.
Of the 116 patients, 107 had both centrally and locally determined PFS times. Of these, there were 42 patient cases (39%) in which the two reviews disagreed (Table 2) . Discrepancies are not necessarily of concern with time-to-event end points, particularly when discrepant event times are not far apart. The majority (33 of 42; 79%) of discrepancies in this trial occurred within one evaluation period of each other. Indeed, despite the high discrepancy rate, the hazard ratios were close under both reads (rows 1 v row 2 of Table 3) .
Of the discrepancies, 38% (16 of 42) were cases in which the locally determined progression time was before the centrally reviewed progression time. These are the cases that would be censored in practice when patients are not followed after locally designated progression. Because we have progression times for this subset, we observe that their centrally reviewed progression course after locally designated progression was worse than those not classified as progressed locally (Fig 1A) . Figure 1B demonstrates the impact of this informative censoring on the estimate of the PFS curve. It can be observed that the curve with informative censoring is overly optimistic. Although the censoring is informative, if this type of censoring had been present in this trial, the impact on the hazard ratios would have been minimal (row 3 v row 1 of Table 3 ). The lack of an effect may be due to the large effect size, the small sample size and/or similar informative censoring on all treatment arms in this double-blinded trial. ‫ء‬ After a first evaluation, patients were evaluated every 2 months (approximately 60 days) for progression the first year then every 3 months thereafter. 
Other Issues: Symptomatic Progression and Comined End Points
We have focused on imaging-determined progression thus far; however, PFS is a combined end point that may include symptomatic progression in addition to radiologic progression and death. Symptomatic deterioration may be a reason to discontinue or alter therapy and may be a protocol-specified end point. Blinded central review of such end points is problematic. Objective verification should be obtained when possible (eg, bone scans documenting bone metastases). However, this may not always be possible, in which case one may (1) consider the patient as lost-to-follow-up ("censored") at the time of symptomatic deterioration, or (2) consider undocumented symptomatic deterioration as an outcome event. The problems from censoring this patient must be weighed against the potential for biased end point evaluation in making this choice.
Including death in this combined end point is necessary; however, this creates difficulties when a patient is lost to follow-up for a radiologic exam, but time of death is determined at some considerable interval after the last radiologic exam. Progression may have occurred long before the time of death. Central review will exacerbate this problem because unconfirmed local progressions produce a subset of subjects without progression times. Inclusion of late deaths as events will tend to attenuate estimates of treatment effectiveness and reduce power. An appropriate maximum time interval between last scan and death (to include time of death as an event) should be specified to minimize bias. When determining this interval, one should consider both the planned imaging intervals as well as the median PFS time.
DISCUSSION
When PFS is a desired end point, a double-blinded trial is best for minimizing biased end point evaluation. When double-blinded trials are not feasible, BICR is not recommended as a general strategy for reducing bias. Unless it is possible to have patient management follow the blinded central review, the blinded review does not resolve the bias problem. Additional scans after locally designated progression calls may lessen the informative censoring problem and should be encouraged. However, this may not be practical as patients may be lost to additional follow-up after local progression. In some cases, BICR may be considered for measurement-variation reduction, although the benefits must be weighed against the potential bias from informative censoring. Computer-assisted diagnostic techniques to determine changes in tumor size may further improve reader consistency at local sites. However, the benefits of these techniques in the clinical trial setting have yet to be proven. 14 Methods for modeling informative censoring have been proposed. 15, 16 However, these methods cannot conclusively eliminate the potential confounding effects of informative censoring and are intended for sensitivity analyses.
While we do not advocate BICR as an alternative means of definitive analysis, it may be useful as an auditing tool to detect bias in local evaluations. In a situation, for example, with a moderate or marginal positive effect, confirmation of the local results by the BICR strengthens confidence in the trial's conclusions. Note that if the BICR does not agree with the local assessment, this does not necessarily imply that local assessments were biased for the reasons described here. Signs of concern that such bias exists include: 1) differential rates of unconfirmed progression (resulting in potential informative censoring) according to treatment arm, and/or 2) a higher rates of earlier progression calls according to BICR in one treatment arm.
In conclusion, the implementation of BICR cannot be universally recommended, although it might be considered as an auditing tool. RCTs that use PFS should target large treatment effects to be more convincing as large effects are of greater clinical significance and will be more robust to the types of biases discussed here. 
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